Lipid-associated membrane proteins (LAMPs) of Mycoplasma penetrans rapidly induced macrophages to produce proinflammatory cytokines such as tumor necrosis factor alpha (TNF-␣). Our analysis showed that the macrophage-stimulating activity of TNF-␣ production was mainly attributable to a lipid extractable component ( 
Mycoplasmas are a heterogeneous group of the smallest organisms capable of self-replication. Mycoplasmas cause a wide variety of diseases in animals (39) . Some mycoplasmas cause respiratory or urogenital diseases in humans (20, 42) . However, other mycoplasmas chronically colonize our respiratory and urogenital tracts without apparent clinical significance. There is apparently a significant increase in infections by otherwise unusual species of mycoplasmas in patients with AIDS. Mycoplasma fermentans and Mycoplasma penetrans are the most common AIDS-associated mycoplasmas (18, 19) . These mycoplasmas may have a greater propensity to invade systemically from a site of mucosal colonization, and a persistent infection is much more likely to ensue in immunocompromised patients.
Effects of various Mycoplasma species on the functions of macrophages have been studied extensively in vitro. Membrane fractions of certain mycoplasma species are potent inducers of granulocyte-macrophage colony-stimulating factor in bone marrow macrophages (40) . Mycoplasma arthritidis induces morphological changes, promotes tumoricidal and listericidal activity, increases uptake of [ 14 C]glucosamine, and enhances acid phosphatase levels in the J774.1 murine macrophage cell line (6) . Mycoplasma arginini TUH-14 membrane lipoproteins induce production of interleukin-1 (IL-1), IL-6, and tumor necrosis-factor alpha (TNF-␣) by human monocytes (12) . M. fermentans-derived high-molecular-weight material induces IL-1, IL-6, TNF-␣, nitric oxide, and prostaglandin production in cultured murine macrophages (21, 23) . In our laboratory, we have found that a TX-114 preparation of lipidassociated membrane proteins (LAMPs) from M. penetrans and M. fermentans (incognitus) markedly stimulates both human and murine macrophages to produce large amounts of proinflammatory cytokines such as TNF-␣, IL-6, and IL-1␤. Although many studies have revealed that mycoplasmas or their membrane components can activate production of various cytokines by macrophages from animals or humans (9, 15, 28, 29, 38) , the mechanisms that transduce the stimulating signal are largely unknown.
To investigate the molecular mechanism(s) that is responsible for induction of cytokine gene expression in macrophages stimulated by mycoplasmas or their various membrane preparations, we studied TNF-␣ expression in mouse thioglycolate exudate peritoneal (TEP) macrophages following stimulation by M. penetrans lipid extract of proteinase K (PK)-digested LAMPs. We found that M. penetrans lipid extract of PK-digested LAMPs, like LAMPs, potently induced TNF-␣. Since transcriptional factors, such as NF-B and activator protein 1 (AP-1), are known to play an important role in regulating expression of various genes including cytokine genes (4, 37, 49), we measured the activity and examined the induction kinetics of NF-B and AP-1 in TEP macrophages following stimulation by M. penetrans lipid extract of PK-digested LAMPs and eventual production of TNF-␣. We also examined the effects that dexamethasone, an inhibitor that interferes with the binding activity of NF-B and AP-1, had on TNF-␣ production in the macrophages stimulated by M. penetrans lipid extract of PK-digested LAMPs.
(A preliminary report of this research was presented at the 98th General Meeting of the American Society for Microbiology [8a] .)
MATERIALS AND METHODS
Mice. BALB/c mice purchased from Jackson Laboratory (Bar Harbor, Maine) were kept in the animal facility located in the Armed Forces Institute of Pathology. All mice used for peritoneal macrophages were 8 to 12 weeks old.
Preparation of LAMPs and lipid extract of PK-digested LAMPs from M. penetrans. M. penetrans was cultured in SP-4 medium to the beginning of the stationary phase and then pelleted by centrifugation. Preparation of LAMPs was performed as previously described (8) . A Mycoplasma pellet from 0.5 liter of culture broth was resuspended in 5 ml of Tris-buffered saline (TBS) (50 mM Tris [pH 8.0], 0.15 M NaCl) containing 1 mM EDTA (TBSE), solubilized by adding TX-114 to a final concentration of 2%, and incubated at 4°C for 1 h. To prepare LAMPs, the TX-114 lysate was incubated at 37°C for 10 min for phase separation. After centrifugation at 10,000 ϫ g for 20 min, the upper aqueous phase was removed and replaced with the same volume of 4°C TBSE. The solution was then vortexed and incubated at 4°C for 10 min, and the procedures for phase fractionation were repeated twice. The final TX-114 phase was resuspended in 4°C TBSE to the original volume, and 2.5 volumes of ethanol was added to precipitate membrane components at Ϫ20°C overnight. After centrifugation, the pellet was resuspended in phosphate-buffered saline (PBS) by sonication. A Bio-Rad protein assay was performed for protein determination. To prepare the lipid extract of PK-digested LAMPs, 12 mg (determined by the protein assay) of LAMPs was digested with 3 mg of PK in 14 ml of PBS. The digest was then lyophilized, and lipids (including glycolipids and nonpolar lipids) in the lyophilisate were extracted with 7 ml of methanol-chloroform (1:1). The supernatant was transferred to a new tube after centrifugation at 8,000 ϫ g, and the organic solvent was evaporated at 50°C. The dried lipid extract of PK-digested LAMPs was weighed. Thirty-four milligrams of material was derived, indicating that lipid content, which cannot be measured by a protein assay, in the LAMP preparation was more than protein content. The dry lipid extract of PK-digested LAMPs was readily dissolved in PBS, probably due to the presence of the amphiphilic glycolipids forming micelles with nonpolar lipids. For fractionation into a chloroform phase and an aqueous phase, the lyophilized PK-digested LAMPs (originally from 4 mg of protein) were dissolved in 4 ml of chloroform-methanol and incubated for 15 min. Another 2 ml of chloroform and 1.2 ml of water were added to the mixture and emulsified with a pipette. Phases were separated by centrifugation, and the upper aqueous phase was concentrated with a Speed Vac. The lower chloroform phase was air dried and redissolved in PBS containing 0.02% sodium dodecyl sulfate.
Collection and culture of macrophages. Human peripheral macrophages were derived from buffy coats kindly provided by James W.-K. Shih, Department of Transfusion Medicine, Warren Grant Magnuson Clinical Center, National Institutes of Health. Peripheral blood mononuclear cells were obtained by FicollPaque gradient centrifugation. Cells were suspended in RPMI 1640 culture medium containing 10% fetal bovine serum, glutamine, and penicillin-streptomycin at 2 ϫ 10 6 cells/ml and incubated for 1 h in 24-well plates. Nonadherent cells were removed, and adherent macrophages were stimulated with mycoplasmal LAMPs at 1 g/ml for 18 h for cytokine production. Cell lysate was prepared by dissolving macrophages in Triton X-100 lysis buffer containing 0.3 M NaCl, 50 mM Tris (pH 7.5), 0.5% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride. TEP macrophages were obtained from BALB/c mice that had been injected 4 to 5 days previously with 1.5 ml of 4% Brewer's thioglycolate broth (Difco Laboratories, Detroit, Mich.) by peritoneal lavage with PBS. The cells were pelleted and resuspended in RPMI 1640 culture medium containing 10% fetal bovine serum, glutamine, penicillin-streptomycin, and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol at 10 6 cells/ml and plated in 24-well plates. Nonadherent cells were removed after 1 h of incubation at 37°C by washing the cells with culture medium. Adherent macrophages were then stimulated with either LAMPs or M. penetrans lipid extract of PK-digested LAMPs at various concentrations as indicated in Results. The supernatant was collected after 18 h for cytokine enzyme-linked immunosorbent assay (ELISA). For in vivo study, mice were injected intraperitoneally (i.p.) with 100 g each of the lipid extract of PK-digested LAMPs. TEP cells were obtained at various time periods as indicated in Results. For inhibition experiments, 1 ml of 10 Ϫ6 M dexamethasone was injected i.p. into mice. After 2 h, mice received 100 g of M. penetrans lipid extract of PK-digested LAMPs. TEP cells were obtained after 20 min.
Determination of the presence of specific cytokine mRNA by RT-PCR. Total RNAs were extracted from untreated or treated TEP cells with RNAzol B (Tel-Test, Inc., Friendswood, Tex.) according to the manufacturer's directions. Detection of specific cytokine messages was done in one reaction tube by reverse transcriptase PCR (RT-PCR). In each reaction tube, total RNAs from 10 5 macrophages were incubated with a 1 M final concentration of 5Ј and 3Ј primers specific for ␤-actin or TNF-␣ in the presence of 50 mM KCl, 10 mM Tris HCl (pH 8.3), 0.001% gelatin, 200 M deoxynucleoside triphosphate, 2.5 mM MgCl 2 , 1 U of avian myeloblastosis virus RT, 8 U of RNasin, and 1 U of Taq DNA polymerase in a final volume of 40 l. RT-PCR was performed in a DNA thermal cycler (Perkin-Elmer GeneAmp PCR system 9600). Reverse transcription was first carried out at 42°C for 15 min followed by 30 cycles of DNA amplification: 30 s of denaturation at 94°C, 30 s of annealing at 60°C, and 30 s of extension at 72°C. Primer sequences and sizes of the PCR products were as follows: ␤-actin (540 bp), 5Ј-GTG-GGC-CGC-TCT-AGG-CAC-CAA-3Ј and 5Ј-CTC-TTT-GAT-GTC-ACG-CAC-GAT-TTC-3Ј; TNF-␣ (446 bp), 5Ј-AGC-CCA-CGT-CGT-AGC-AAA-CCA-CCA-A-3Ј and 5Ј-ACA-CCC-ATT-CCC-TT C-ACA-GAG-CAA-T-3Ј (7). The PCR products were visualized by 2% lowmelting-point agarose (NuSieve; FMC) gel electrophoresis and ethidium bromide staining.
Quantitation of cytokines by ELISA. Cytokines in the supernatant were quantitated with a capture antibody specific for a particular cytokine (Pharmingen, San Diego, Calif.) and a biotinylated detection antibody specific for that particular cytokine (Pharmingen). Quantitation of cytokines was done by following the directions provided by the manufacturers. Briefly, 96-well plates (Nunc, Inc.; Maxisorp) were incubated with capture antibody at 4°C overnight. The plates were then blocked with bovine serum albumin and incubated with samples and standard. Bound cytokine was detected with a biotinylated detecting antibody and peroxidase-labeled avidin (Kirkegaard & Perry Laboratories, Gaithersburg, Md.).
Preparation of nuclear proteins. Nuclear proteins were prepared by the method of Schreiber et al. (35) . Typically, 5 ϫ 10 6 TEP cells were washed with 10 ml of TBS and pelleted. The pellet was resuspended in 1 ml of TBS and pelleted again by being spun for 15 s in a microcentrifuge. TBS was removed, and the cell pellet was resuspended in 0.8 ml of cold buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride, 10 mM leupeptin, and 1.5 mM pepstatin). The cells were incubated on ice for 15 min, after which 50 l of a 10% solution of Nonidet P-40 was added and the tube was vigorously vortexed for 10 s. The homogenate was centrifuged for 30 s in a microcentrifuge, and the supernatant was removed. The nuclear pellet was resuspended in 100 l of ice-cold buffer C (20 mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 10 mM leupeptin, and 1.5 mM pepstatin), and the tube was vigorously rocked at 4°C for 15 min on a shaking platform. The nuclear extract was centrifuged for 5 min in a microcentrifuge at 4°C. The supernatant was frozen in aliquots at Ϫ70°C.
Electrophoretic mobility shift assay (EMSA). EMSA was performed as described by Vincenti et al. (46) . A double-stranded oligonucleotide containing a mouse TNF-␣ enhancer located 510 bp from the start of transcription to the TNF-␣ gene was used for the binding assay. The sequence of the oligonucleotide including the NF-B binding site is 5Ј-CAA-ACA-GGG-GGC-TTT-CCC-TCC-TC-3Ј and 3Ј-GTT-TGT-CCC-CCG-AAA-GGG-AGG-AG-5Ј. The sequence of the oligonucleotide with the AP-1 binding site is 5Ј-CGC-TTG-ATG-ACT-CAG-CCG-GAA-3Ј and 3Ј-GCG-AAC-TAC-TGA-GTC-GGC-CTT-5Ј. For binding reactions, 32 P-labeled oligonucleotide fragments (100,000 cpm) were mixed with 2 g of nuclear protein in a total volume of 20 l of 25 mM HEPES (pH 7.9)-0.5 mM EDTA-0.5 mM DTT-0.1 M NaCl-10% glycerol-1 g of bovine serum albumin-2 g of poly(dI:dC). After 30 min of incubation at room temperature, the reaction mixtures were loaded onto 6% polyacrylamide gels in 0.5ϫ Trisborate-EDTA. The gels were prerun for 1 h at 150 V and run for 2.5 h at the same voltage. After electrophoresis, the gels were dried and exposed for autoradiography.
RESULTS

Marked induction of TNF-␣ in TEP macrophages by M. penetrans LAMPs and lipid extract of PK-digested LAMPs.
Consistent with many earlier studies of mycoplasmal membranes (9, 15, 29, 38) , preparation of LAMPs from M. penetrans and M. fermentans (incognitus) stimulated murine and human macrophages to produce large amounts of proinflammatory cytokines including TNF-␣, IL-6, and IL-1␤ (Table 1) . In order to unravel the cellular mechanisms involved in the mycoplasmal activation of cytokines, we concentrated on studying the TNF-␣ gene expression in murine TEP macrophages induced by M. penetrans LAMPs and their products. A dose-response curve revealed an optimal concentration of LAMPs at 0.1 g of protein/ml in the induction of TNF-␣ (Fig.  1A) . In an attempt to determine the biochemical nature of the active component in LAMPs, we treated LAMPs with PK without losing the stimulating activity for TNF-␣ production in macrophages. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of PK-digested LAMPs verified the complete protein digestion of LAMPs. Lipophilic molecules including lipids, glycolipids (27) , and lipopeptides derived from PK-digested LAMPs were extracted with chloroform-methanol. This extract (designated M. penetrans lipid extract of PK-digested LAMPs in this study) was found to be a potent inducer of TNF-␣ (Fig. 1B) . A concentration at 1 g of lipid (dry weight)/ml would reach the plateau of the stimulatory effect. In an effort to further study the chemical nature of the active component in this lipid extract of PK-digested LAMPs, the lipid extract was fractionated by adding chloroform and water into a chloroform phase (containing mostly hydrophobic nonpolar lipids) and an aqueous phase (containing the more hydrophilic glycolipids). Interestingly, the macrophage-stimulating activity resided mainly in the chloroform phase. The aqueous phase, which normally contains glycolipids, had very little macrophage-stimulating activity. The nonpolar lipid fraction and the M. penetrans lipid extract of PK-digested LAMPs had the same potency in stimulating macrophages. However, detergent was required to dissolve the nonpolar lipids but PBS would readily dissolve the lipid extract of PK-digested LAMPs. For the sake of easy handling, we chose to use the lipid extract of PK-digested LAMPs instead of the nonpolar lipid fraction in this study.
Kinetics of in vivo induction of TNF-␣ transcription. We then examined the effect of M. penetrans lipid extract of PKdigested LAMPs in inducing NF-B and AP-1 binding activity in correlation with TNF-␣ expression in an in vivo study. M. penetrans lipid extract of PK-digested LAMPs induced TNF-␣ expression in TEP cells when injected into the peritoneal cavity of mice bearing a peritoneal exudate (Fig. 2) . RT-PCR analysis showed a low basal level of mRNA in the resting TEP cells, which consisted mostly of macrophages. M. penetrans lipid extract of PK-digested LAMPs induced a marked increase in TNF-␣ transcription as early as 15 min after injection, and this increase persisted for at least 2 h in the treated TEP cells.
M. penetrans lipid extract of PK-digested LAMPs induced both NF-B and AP-1 binding activities in nuclear extracts of TEP cells. EMSA showed a lack of NF-B binding activity in nuclear extracts of resting TEP cells. M. penetrans lipid extract of PK-digested LAMPs induced significant NF-B binding activity in the nuclear extracts of TEP cells as early as 15 min after injection (Fig. 3A) . This binding activity appeared to diminish after 30 min. After 2 h, the NF-B binding activity was completely dissipated and converted to a faster-moving complex that is most likely the p50-p50 homodimer. The kinetics of AP-1 induction was slightly different from that of NF-B in that a basal level of AP-1 binding activity was present in resting TEP cells (Fig. 3B) . However, M. penetrans lipid extract of PK-digested LAMPs induced a significant increase in AP-1 binding activity 15 min after injection. The activity continued to increase and peaked 1 h after injection but dissipated after 2 h. Therefore, closely correlated with induction of TNF-␣, M. penetrans lipid extract of PK-digested LAMPs rapidly activated both NF-B and AP-1 in TEP macrophages. Activation of these nuclear factors subsided after 2 h.
Suppression of M. penetrans lipid extract of PK-digested LAMP-induced TNF-␣ by dexamethasone was linked to suppression of NF-B and AP-1. In order to further investigate the link among NF-B, AP-1 activation, and TNF-␣ induction, we pretreated TEP cells with dexamethasone (a synthetic glucocorticoid) before stimulation with M. penetrans lipid extract of PK-digested LAMPs. Earlier studies suggested that glu- (Fig. 4) . Pretreatment with dexamethasone, in turn, suppressed TNF-␣ induction by the lipid extract of PK-digested LAMP-stimulated TEP cells in a dose-dependent manner (Fig. 5) . Maximum suppression was achieved at 10 Ϫ7 M dexamethasone where a residual amount of TNF-␣ still remained. Higher concentrations of dexamethasone did not completely inhibit TNF-␣ production.
DISCUSSION
LAMPs prepared from M. penetrans and M. fermentans are potent murine B-cell mitogens (8) . It was subsequently found that LAMPs could induce mouse and human macrophages to produce large amounts of IL-1␤, IL-6, and TNF-␣. To explore the upstream mechanism(s) through which mycoplasmal LAMPs induce high-level production of various cytokines, we used M. penetrans LAMPs or the lipid extract of PK-digested LAMPs to induce TNF-␣ production in mouse TEP macrophages. Treatment of the LAMPs with PK apparently would not abolish their TNF-␣ induction activity in macrophages. The chloroform-methanol extract of PK-digested LAMPs retained most of the activity, suggesting the lipid nature of the active component. In fact, our lipid extract of PK-digested LAMPs could be further fractionated into glycolipids and nonpolar lipids. The nonpolar lipid fraction contained most of the macrophage-stimulating activity. The chemical structure of the active component(s) in this M. penetrans lipid extract has not been fully characterized; however, it is likely to be the product of PK-digested LAMPs. Its lipid nature is very much consistent with the earlier finding of a lipopeptide derived from PKtreated M. fermentans-derived high-molecular-weight material by Mühlradt et al. (22) . The lipopeptide with the structure of S-(2,3-dihydroxypropyl)-cysteine amino terminus constitutes the principal macrophage-stimulating activity (22, 24) . The presence of both ester-bound fatty acids is a prerequisite for biological activity, whereas the amide-bound fatty acid was found to be dispensable (24) . This structure is also present in Mycoplasma hyorhinis and may be a general characteristic of the genus Mycoplasma (25) .
We demonstrated in this study that M. penetrans lipid extract of PK-digested LAMPs almost instantly activated both NF-B and AP-1 in murine TEP macrophages. To the best of our knowledge, this is the first time that wall-free mycoplasmas have been found to be potent inducers of NF-B and AP-1. Activation of these transcriptional factors appeared to markedly enhance expression of the TNF-␣ gene with a rapid increase of TNF-␣ mRNA. Interference with the binding activity of these transcriptional factors on the promoter sequences by treatment with dexamethasone significantly blocked production of TNF-␣ in TEP macrophages. Dexamethasone, however, did not completely abolish the production of TNF-␣. Thus, activation of other families of transcriptional factors besides NF-B and AP-1 might also play a role in the mycoplasmal induction of TNF-␣. Since NF-B and AP-1 binding sites are present in the promoter regions of several cytokine and chemokine genes, activation of both NF-B and AP-1 may similarly upregulate production of many other cytokine genes in the mycoplasmal LAMP-stimulated macrophages.
If M. penetrans lipid extract of PK-digested LAMPs can rapidly activate NF-B and AP-1 in mammalian cells, do other species of mycoplasmas also harbor a similar active component(s) in their membranes? We are in the progress of examining many species of human mycoplasmas for their ability to induce these transcriptional factors in mammalian cells. The preliminary results suggest that most, but not all, species of human mycoplasmas have the ability to activate these transcriptional factors and induce production of various cytokines in TEP macrophages. However, different species of mycoplasmas apparently have different degrees of this biological activity. At present, it is not clear if the differences are due to the distinct chemical nature or to the quantities of these active components present in the membranes of these mycoplasmas.
Mycoplasmas have long been implicated in certain inflammatory conditions and/or diseases such as rheumatoid arthritis (13, 32, 43) . Since NF-B regulates the expression of various genes involved in immune functions and inflammatory responses, it has a key role in the host's responses to infections. The findings of this study may provide a scientific basis for the possible mycoplasmal role in human diseases associated with known aberrant immune responses. Since M. penetrans is one of the most common AIDS-associated mycoplasmas (19) , it may be important to note that NF-B regulates transcription from the human immunodeficiency virus type 1 (HIV-1) long terminal repeat (26) . Induction of NF-B DNA binding activity in T cells and monocytes leads to increased HIV-1 long terminal repeat-directed gene expression (11) . Studies showed that HIV-1 cannot productively infect human peripheral blood lymphocytes without prior activation by mitogens in culture (31, 41) . However, the non-mitogen-treated peripheral blood lymphocytes become highly susceptible to HIV-1 infection when they are infected by mycoplasmas (31) . Infection by mycoplasmas evidently activates many T lymphocytes and renders them susceptible to HIV-1 infection. Furthermore, mycoplasmal infections appear to enhance the HIV cytocidal effect in a culture of human lymphocytes (16, 17) . Although the role of mycoplasmas in AIDS is still unclear, L. Montagnier's laboratory at the Pasteur Institute presented evidence suggesting that infection by M. penetrans infection is associated with disease progression in AIDS (10) .
It is also worth noting that activation of NF-B in cells affects expression of many downstream genes that regulate crucial cell properties, including those that suppress apoptosis (3, 45, 47) . 12-O-Tetradecanoylphorbol-13-acetate, a highly potent tumor promoter, and other activators of protein kinase C, can effectively induce cell proliferation and rapidly induce c-jun and c-fos (1) . The accumulation of the newly transcribed c-jun and c-fos gene products leads to an increase in AP-1 activity in cells (5) . Thus, finding that mycoplasmas or mycoplasmal membrane components are potent activators of NF-B and AP-1 in mammalian cells could have profound implications other than the induction of TNF-␣ production. In this context, our laboratory has shown that prolonged infection by mycoplasmas may gradually alter many important biological characteristics of mammalian cells and induce malignant transformation (44) . High-level expression of H-ras and c-myc oncogenes as well as c-jun and c-fos is associated with the malignant transforming process (50) . Activation of transcriptional factors NF-B and AP-1 in cells could apparently activate a large group of gene products. Many of these gene products would function cooperatively at various cell cycle checkpoints to suppress cell apoptosis. The process of cell transformation is complex and often requires more time. However, it is only those cells that are not undergoing apoptosis or that have not had their death program initiated that could progress to malignant transformation. Overall, our earlier findings and the current data warrant further studies to elucidate the mycoplasma-mediated processes that could activate a series of genes with powerful oncogenetic activities in the mammalian cells.
